This paper proposes a multiple-receiver inductive power transfer platform which is capable of controlling the load voltages to satisfy individually rated values and stabilizing the load voltages against the load variations. In the proposed charging platform, multiple transmitting resonators are employed to support a voltage-driven source resonator in manipulating the energy flows toward individual receivers. This structure also helps the voltage source induce constant currents into the transmitting resonators, and therefore, is able to deliver load-independent voltages to the loads. As a result, when the loads are sufficiently large, the load voltage ratio is approximately determined only by the mutual couplings of the coils. This means that the voltage control can be performed by effortlessly adjusting the arrangement of the transmitting resonators inside the charging platform. Electromagnetic simulation and experiment results verify voltage stability and controllability of the proposed system. Although typical constant voltage designs inevitably suffer from efficiency degradation, our scheme can achieve an efficiency of up to 56%, which is acceptable and sufficient for many practical applications.
I. INTRODUCTION A. MOTIVATIONS
Although wireless power transmission was invented by Tesla in early 20 th century, inductive power transfer (IPT) has not been actually paid attention until Massachusetts Institute of Technology's researchers published their work on resonant inductive coupling in 2007 [1] . Since then IPT technique has been considered as a promising wireless charging solution for many practical applications [2] - [4] . At the preliminary stage, several studies have focused on adjusting the load impedance to maximize the power transfer efficiency [5] , [6] . The load optimization problem has been extended for a more attractive IPT deployment where a single platform charges multiple devices simultaneously. For IPT systems with arbitrary number of receivers, coordinated adjustment of all the loads has been performed in [7] and [8] to achieve the globally maximal efficiency. With these efforts,
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Putting the multiple-receiver IPT technique into real applications, however, requires further studies to overcome more challenging issues. Basically, the resistances of the loads are determined by their working conditions and may vary in time. For instance, equivalent resistance of Lithium battery during charging period varies in a range from about 10 to 100 [9] , [10] . Even though individual load transformation can be done with the aid of the matching networks [11] , [12] or the DC-DC converters [13] - [15] , adjusting all the loads in a coordinated and adaptive manner is not practically feasible. Meanwhile, efficiency maximization is not compulsory in many applications. Instead, guaranteeing stable current or voltage for the loads under the load impedance variations is more important. Several applications, for instance, light emitting diode system or vehicle battery charging, require the loads to operate in constant current mode [16] , [17] . For achieving constant output current mode, several methods have been proposed [18] , [19] . However, many other applications require the load to operate in constant voltage mode. For example, smartphones prefer to operate at a rated voltage of 5V, cordless power tools at 12V or 18V [20] and laptops at 19.5V [21] . As many types of load require particularly rated voltages for their operations, the first challenge in multiple-receiver IPT systems is how to control the load voltages to reach the rated values. The second challenge is how to isolate the receivers from each other, so that a load variation at one or more receivers will not affect the voltages of the other loads. Motivated by these challenges, this study investigates a load-independent voltage control method for IPT systems with multiple receivers.
B. RELATED WORKS
Our motivation is somewhat contrary to that of the load optimization. The load optimization design tries to achieve the maximal RF efficiency at a pinpoint value of the loads. Meanwhile, our design, if necessary, sacrifices the efficiency to some extent to achieve the voltage controllability and stability over a wide range of loads. The purpose is to deliver rated voltages to the loads and reduce the complexity of voltage regulation blocks. As for single-receiver systems, this functionality can be achieved by carefully designing compensation circuits, which are usually connected to the transmitter and/or the receiver. Examples of constant voltage compensation circuits are inductor-capacitor-capacitor (LCC) topology [22] , double-sided LCC topology [23] , [24] , hybrid topology based on series and parallel compensations [25] , combination of inductor-capacitor-inductor (LCL) and series compensations [26] , [27] . In addition, another way to keep the output voltage constant is to utilize additional coil, usually referred to as transmitting resonator, to support the source resonator in the energy transmission. This additional resonator can be used not only for extending the transmission distance but also for transforming the load impedance [1] , reducing the impact of the source impedance [28] . And, more importantly, the transmitting resonator can be exploited for boosting and stabilizing the output voltage against the load variations [29]- [31] .
For multiple-receiver systems, the authors in [32] have proposed the method of tuning the operation frequency to obtain constant voltage functionality. However, this method is probably not suitable for IPT systems which are required to operate at a given frequency. For systems operating at a predetermined frequency, the authors in [33] have utilized the transmitting resonator to realize load-independent constant voltages. Unfortunately, in both the methods in [32] and [33] , the ratio of the output voltages is fixed by the arrangement of the transmitting and receiving resonators, making these methods ineffective in controlling the individual voltages to reach the rated values. To the best of our knowledge, a multiple-receiver IPT system which can control and, at the same time, stabilize the output voltages has not been proposed so far.
C. CONTRIBUTIONS
In this paper, we propose an IPT platform consisting of a voltage-driven source resonator and multiple transmitting resonators in order to control and stabilize the output voltages for multiple receivers. Novelty of the proposed method lies in using the multiple transmitting resonators which brings about two advantages below.
1) The transmitting resonators divide the energy flow from the source and deliver to the receivers via multiple paths. As a result, the ratio of the load voltages can be controlled to reach the ratio of the rated voltages by effortlessly adjusting the relative positions of the transmitting resonators. After that, the source voltage will be adjusted until all the output voltages simultaneously reach the rated values. It is worth noting that this voltage control functionality can not be implemented in the one transmitting resonator structure in [33] .
2) The transmitting coils are capable of stabilizing the output voltages against load variations provided that the loads are sufficiently large. The voltage stabilization effect of a single transmitting coil has been shown in [29] , [30] , [33] . Here, we further confirm that using multiple transmitting coils also results in similar effect. When driven by a voltage source, the structure of inductively coupled source-transmitting resonators helps induce stable currents into the transmitting coils. These stable currents will then induce stable voltages onto the loads because the cross-couplings among the receiving coils are suppressed by the use of low operation frequency.
The rest of this paper is organized as follows. Section II describes the schematic circuit of the proposed IPT system accompanied by the output voltage stabilization effect and the voltage control process. Next, the effectiveness of the proposed system is verified by the simulation in Section III and by the experiments in Section IV. Finally, Section V summarizes this work.
Notation: Throughout this paper, italic regular face letters are used to denote scalars. Italic boldface letters stand for vectors or matrices. Notations [·] T and [·] H respectively denote the transpose and the conjugate transpose of a vector or a matrix. Notations (·) * , | · |, Re{·} and Im{·} respectively stand for the conjugate, absolute value, real part and imaginary part of a complex number. Symbol j = √ −1 is the unit imaginary number.
II. PROPOSED SYSTEM A. SYSTEM MODEL
A schematic description of the proposed system is shown in Fig. 1 in the next page. Throughout this paper, it is assumed that all the circuit parameters are linear and that the IPT system is operating in a steady state and includes no switching harmonics. On the left hand side, the source is assumed to be an inverter power supply with negligibly small internal resistance and a constant voltage V 0 . Frequency and angular frequency of the power supply are denoted by f and ω = 2πf , respectively. The charging platform consists of a source resonator which is connected to the power supply and assisted by M transmitting resonators (TXs) to deliver power to N receivers (RXs). On the right hand side, each receiver is equipped with a receiving resonator and requires a rated voltage for its operation. It should be noted that the N receivers do not belong to one single user but they represent N independent users. The rated voltages therefore may vary from receiver to receiver, depending on each receiver's operation. The design objective here is to control the output voltages so that they reach the rated values. This task will be fulfilled by properly adjusting the arrangement of the transmitting coils inside the charging platform. In practice, adjusting the arrangement of the transmitting coils will be done with the assistance of a mechanical device which is omitted in this paper for the sake of simplicity.
We use k and l (∈ {0, 1, . . . , M , M + 1, . . . , M + N }) to index the resonators. Here, the source resonator is indexed 0, the transmitting resonators are indexed from 1 to M , and the receiving resonators are indexed from M + 1 to M + N . The resistive loads of N receivers are denoted by R M +1 , R M +2 , . . . , R M +N . The self inductance, the internal resistance and the resonant capacitance of the k-th resonator are denoted by L k , r k and C k , respectively. For all k ∈ {0, . . . , M + N }, the self inductance L k and the capacitance C k satisfy the resonance condition ω 2 L k C k = 1. The mutual inductance between the k-th resonator and the l-th resonator, where k = l, is denoted by L kl . In Fig. 1 , we denote by I k the complex phasor of current and by V k the complex phasor of voltage of the k-th coil at the fundamental frequency f .
B. STABILITY OF OUTPUT VOLTAGES
Using matrix representation, the relation between voltages and currents in the system is expressed by
In (1), the vector 0 is the zero column vector of size M ;
T is the vector of the load voltages; I t = [I 1 I 2 · · · I M ] T is the vector of the currents in the transmitting resonators; and I r = [I M +1 I M +2 · · · I M +N ] T is the vector of the currents in the receiving resonators. The matrix r t = diag(r 1 , r 2 , . . . , r M ) is the diagonal matrix whose diagonal entries are the internal resistances of the transmitting coils. Similarly, r r = diag(r M +1 , r M +2 , . . . , r M +N ) is the diagonal matrix that takes internal resistances of the receiving coils as diagonal entries. Also, L st = [L 01 L 02 · · · L 0M ] is the mutual inductance vector between the source coil and the transmitting ones,
is that between the source coil and the receiving ones. And, L tr is the mutual inductance matrix between the transmitting coils and receiving coils, which is expressed by
Due to the reciprocity of the network, we have L T st = L ts , L T sr = L rs and L T tr = L rt . Finally, the mutual inductances among the transmitting coils are expressed by
and those among the receiving coils are represented by
On the other hand, the relation between the output voltages and the output currents can be expressed by
where
is the diagonal matrix whose the diagonal entries are the load resistances. Let Z tt = r t + jωL tt andZ rr = r r + jωL rr . Combining (5) and the third row of (1), we have
Substituting (6) into the second row of (1), the transmitting currents can be expressed in term of the input current
Combining (1), (6) and (7), the relation between the output voltages and the input current is derived
where the terms A, B, C and D are
Combining (1), (6) and (7), we can express the relation between the source voltage and the input current
where the scalar E and matrix F are
From (7) and (10), the currents in the transmitting resonators are computed
From (8) and (10), the output voltages can be adequately expressed as a function of the source voltage
As shown in (9) and (11), the terms A, B, C, D, E and F include the loads R l . Thus, the load voltages V r depend on the load resistances. Basically, the load voltages vary when one or more loads among R M +1 , R M +2 , . . . , R M +N change. However, when the load resistances are sufficiently large, the terms A, B, C, D, E and F in (13) can be reduced as follows
Therefore, the currents in the transmitting resonators calculated in (12) are approximated
Similarly, the load voltages can be approximated in terms of the mutual inductances among the resonators and the source voltage as the formula below
Equation (16) indicates that when the load resistances are sufficiently large, the proposed system has three behaviors below:
1) The load voltages V r are stable against the load resistances because (16) does not contain R l . For that reason, the ratios among the load voltages are independent to the load resistances. Additionally, the voltages induced in the receivers are mostly dominated by the transmitting currents I t because the cross-couplings among the receiving coils are significantly suppressed by the use of low operation frequency. According to (15) , the transmitting currents I t are kept stable against the load resistances. Therefore, the induced voltages in the receivers are stable regardless of the load variations. This is also considered as the additional explanation for being able to deliver constant voltages to the load resistances.
2) The load voltages as well as the ratio among them mainly depend on the mutual inductances L st between the source and the transmitting resonators, and the mutual inductances L rt between the transmitting and the receiving resonators. Given certain positions of the receivers, changing the arrangement of the transmitting resonators inside the charging platform brings about changes in the mutual inductances L st and L rt , which will in turn change the value of the load voltage ratio.
3) The load voltage ratio does not depend on the source voltage V 0 .
C. VOLTAGE CONTROL AND EFFECTIVENESS
The aforementioned three behaviors suggest that controlling the load voltages to reach their rated values is a simple two-step process as follows. First, given values of the rated voltages V M +1 , V M +2 , . . . , V M +N for N receivers, the arrangement of the transmitting resonators will be adjusted inside the charging platform until the ratio of the load voltages V M +1 : V M +2 : · · · : V M +N reaches the ratio of the rated values V M +1 : V M +2 : · · · : V M +N . Secondly, the source voltage V 0 will be increased or decreased until all the load voltages reach the correspondingly rated values. The voltage control method takes effect when the load voltages are independent to the load resistances. For that to happen, according to (14) , the following conditions must be remarkably satisfied
Therefore, several characteristics of the proposed method can be drawn as follows. 1) The cross coupling among the coils would be significantly suppressed and low operation frequency should be used if we need to achieve constant voltage functionality at low values of the load resistances. This feature is consistent with the discovery in [33] . 2) When the system consists of larger number of transmitting and receiving resonators, it is more difficult for the load voltages to reach the stable values. This means when we scale up the system, the load voltages will be stable at larger load resistances. 3) Constant voltage can be achieved at lower load resistances if the cross couplings L tt among the transmitting resonators and/or the mutual inductances L ts between the transmitting and receiving resonators are stronger.
III. SIMULATION RESULTS
Full-wave electromagnetic (EM) simulations using WIPL-D c Pro software are carried out to confirm the effectiveness of the proposed voltage control method. Two-receiver and three-receiver systems will be investigated. In both systems, all the coils are the planar spiral coils. They are made from copper wire with conductivity of 5.8 × 10 7 S · m −1 . The wire radius is 1mm and the turn spacing is 1mm. The source resonator is driven by the power source supplying the sinusoidal voltage of 10V. The power source operates on the frequency of 200kHz with zero phase offset. It is assumed that the internal resistance of the power source is zero.
A. TWO-RECEIVER SYSTEM
The simulation arrangement of the two-receiver system is displayed in Fig. 2 . The sizes of the source, the transmitting and the receiving coils are respectively 100mm × 200mm, 100mm × 200mm and 100mm × 100mm. The turn number of the source, the transmitting and the receiving coils are 3, 8 and 3 respectively. Initially, the distance between TXs and RXs d tr is 30mm while the distance between TXs and the source resonator is 20mm. Then, one transmitting coil is vertically lowered down from the initial position by steps to control the load voltage ratio. Fig. 3 in the previous page presents the load voltages over the variations of the load resistances in two different arrangements of the two transmitting resonators. In these simulations, the load resistances alter from 5 to 500 . The results show that the load voltages almost keep unchanged in two arrangements of the transmitting resonators with the wide fluctuations of the load resistances. When the vertical distance between two transmitting resonators d tt is 10mm, the imbalance of two load voltages is about twice (V 4 : V 3 = 4.2V : 2.1V) as shown in Fig. 3(a) . The imbalance increases to approximately 3.5 when d tt increases to 16mm, while the load voltages are also stable against the variations of the load resistances. However, when the load resistance R 3 increases from 5 to 20 , the load voltage V 4 alters from 4V to about 4.2V before leveling off around this value even when there is the increase of the loads. For the case of the small load resistances, the impact of the cross couplings among the receiving coils are ineffectively suppressed. Therefore, it slightly deteriorates the stability of the load voltages. Fig. 4 shows the relation between the currents in the transmitting resonators and the load resistances. The simulation results confirm the prediction in section II-B that the transmitting currents are also kept stable against the load variations. When the transmitting resonator 1 is lowered down 10mm, the currents in the transmitting resonators I 1 and I 2 are stable at about 3.4A and 2.6A. Fig. 5 describes the ratio between the two output voltages as a function of the vertical distance between the two transmitting coils. The graph of the estimated values, based on (16) , is compared with the simulation results to verify the validity of the results. It is clear that when the vertical gap between them increases, the ratio between two transmitting coils raises. In this simulation setup, the system can provide the ratio between two load voltages of up to 3.5. The figure also shows that the simulations are closer to the estimates as the load resistances are larger. In the case of the large load resistances, the simulation results will approach the estimated values calculated in (16) because the conditions (17) -(20) completely hold. However, when the load resistances are small, the estimates is slightly different from the simulations. Again, this is because the coupling effect from the corresponding receiving coils is so strong that it cannot be ignored in calculation. Fig. 6 illustrates the output voltages against the source voltage. The simulation results and the estimated values are plotted on the graph to validate the estimation of the output voltages in (16) . The results show that the load voltages are proportional to the source voltage. The load voltages V 3 and V 4 are 2V and 4V when the source voltage is 10V. These load voltages increase to 6V and 12V when the source voltage raises to 30V. The ratio between the two load voltages keeps constant as the source voltage varies. The results confirm that once the ratio between the two load voltages is fixed at the certain value, the load voltages can be adjusted to individually rated values by calibrating the source voltage. Fig. 7 is the investigation of the RF-RF efficiency against the vertical distance between two transmitting coils d tt . The load resistances utilized in these simulations are 5 . The results illustrate that the simulation results agree well with the theoretical ones calculated in (23) in Appendix. In addition, the distance between the receiving resonators and the transmitting resonators d tr is smaller, the transmission efficiency is higher. When the vertical distance between the transmitting resonators d tt increases from 0 to 16mm, the transmission efficiency slightly increases from about 51% to over 56% for the distance d tr of 30mm, and from 61% to over 66% for the distance d tr of 20mm. It indicates that the coupling between two transmitting coil is stronger, the transmission efficiency is lower and vice versa. Although the achieved efficiencies are not so high, they are still sufficient for some low power applications, e.g., charging of up to several watts. Also, the achieved efficiencies are acceptable as all constant voltage designs instinctively suffers from efficiency degradation. Fig. 8 shows the simulation results of the RF-RF efficiency as a function of the two load resistances. The results illustrate that the system efficiency is inversely proportional to the load resistances. When the load resistances are 1 , the system efficiency is about 80%. This number decreases to under 35% when two load resistances increase to 10 . It is observed that high efficiency is obtained in the range of small load resistances. However, the output voltages are stabilized in the range of large load resistances as proved in the previous parts. Therefore, it should be noticed of the balance between the RF-RF efficiency and the stabilization of the output voltages when designing this kind of charging systems.
B. THREE-RECEIVER SYSTEM
In order to confirm the scalability of the theory in Section II, the simulation configuration of three receivers is utilized to investigate the output voltages against the load resistances. The arrangement of the three-receiver system is shown in Fig. 9 . The sizes of the source, the transmitting and the receiving coils are respectively 100mm × 300mm, 100mm × 200mm and 100mm×100mm. The turn number of the source, the transmitting and the receiving coils are 3, 4 and 3 respectively. The turn number of the transmitting coils reduces to 4 in comparison with 8 in the two-receiver system because FIGURE 10 . The effect of Q-factor of the coils on the load voltages: (a), (b), (c) for the two-receiver system and (d), (e), (f) for the three-receiver system. TABLE 1. Simulation results: Output voltages against the load resistances for the configuration in Fig. 9 .
of the limitation of the software. Initially, the source coil is 20mm distant from the plane of three transmitting coils and 50mm distant from that of three receiving coils. The load resistances alter from 5 to 100 to investigate the output voltages. Table 1 shows the simulation results of the load voltages against the load resistances when the position of the middle transmitting resonator is 10mm lower than the others. The results illustrate that when the load resistances are large, the load voltages are stable against the load resistances. However, they lose the stability when the load resistances are small. As mentioned above, the cross-couplings among the transmitting resonators decrease when the system is scaled up. It leads the condition (18) is not satisfied when the load resistances are small. Therefore, it explains the instability of the load voltages in the case of small load resistances.
C. EFFECT OF Q-FACTOR OF THE COILS
Q-factors of the coils should be taken into account when evaluating performance of constant voltage designs for IPT systems. In Table 2 in the next page, we present the Q-factors of the coils used in the investigation in subsections III-A and III-B. As indicated in the table, the Q-factors of the coils in the previous investigations take moderate values from around 70 to 120. This means that the proposed scheme does not require the coils with high Q-factors to achieve the expected stability and controllability.
Next, we investigate the voltage stability and controllability of the proposed scheme when lowering the Q-factors from the values used in the previous subsections. In this investigation, we set the two loads of the system in Fig. 2 identically equal to 10 and the three loads of the system in Fig. 9 identically equal to 10 . We also keep the self-inductances of the coils constant and lower their Q-factors by increasing the internal resistances. Using MATLAB, we calculate the simulation values in (13) and the estimated values in (16) . Fig. 10 in the previous page shows the load voltages over the variations of the Q-factors of the source coil, the transmitting coils, and the receiving coils from 1 to 120. In Fig. 10 , the subfigures (a), (b), (c) present the results for the tworeceiver system when the TX 2 lowers down 10mm while the subfigures (d), (e), (f) are those for the three-receiver system when the TX 2 and the TX 3 lower down 10mm and 4mm respectively. As can be seen in the subfigures (a) and (d), when the quality factor of the source coil decreases, in each system, the simulation values and approximated values of the load voltages are still almost similar, meaning that the load voltages in both systems keep stable against the load resistances. Although the load voltages reduce, they still keep stable even when the Q-factor of the source coil decreases to under 20. This is because the condition (20) still holds when r 0 increases due to the decrease of Q 0 . Next, the subfigures (b) and (e) show that the simulation values of the load voltages approach the estimated ones when the Q-factors of the transmitting coils decrease. It means that the load voltages tent to be stable when the Q-factors of the transmitting coils reduce. This is because the condition (18) still holds. Finally, the effect of the receiving coil Q-factors is presented in the subfigures (c) and (f). The load voltages are stable only when the Q-factors of the receiving coils are greater than 20. When the Q-factor is lower than 20, the internal resistances of the receiving coils become greater. The condition (17) will not be satisfied. As a result, the simulation voltages do not match the estimated values implying that the load voltages are not stable against the loads for this region of the receiving coils' Q-factors.
As an example to show that the load voltages are stable when the approximated output voltages approach the simulation values, Fig. 11 presents the load voltages as a function of the load resistances when the Q-factor of the receiving coils is 50 and the TX 2 lowers down 10mm in the two-receiver system. The load resistances alter from 10 to 100 but the load voltages are stable. This result can be ascribed to the fact that for the Q-factor of 50 the actual load voltages are closed to the approximated ones as shown in Fig. 10(c) .
IV. EXPERIMENTAL RESULTS
To verify the feasibility of the proposed system, the real coupling network consisting of one source, two transmitting and two receiving resonators is constructed as in Fig. 12 . The setup of the coupling network is similar with that of the simulation configuration in Fig. 2 . The coils are made from 1mm-diameter copper wire. The turn number of the source, the transmitting and the receiving coils are 4, 10, and 5 respectively. The source, transmitting coils have the same size of 100mm × 200mm, while the size of the receiving coils is 100mm × 100mm. Each coil is connected to a resonant capacitor at the operation frequency f = 145kHz. Each resonant capacitor is implemented by using several discrete Table 3 . Fig. 13 shows the experimental setup for the demonstration of controlling two load voltages which are independent to the load resistances. A DC power is used to feed the RF inverter PATO23-1 to generate frequent squarewave signal. This signal is then considered as the input voltage of the coupling network. Square-wave signal is selected as input voltage because of two reasons. It is easier to generate square-wave signal than pure-sine-wave one at high operation frequency [34] . For IPT systems, square-wave input voltage gives load voltage and current which are insignificantly different from using pure-sine wave [35] . Oscilloscope RTO 1004 is used to capture the waveform of the output voltages.
In this paper, we just concentrate on introducing the method of controlling the load-independent output voltages, therefore the rectifier and the regulator are not included in the experiment for simplicity. Pure resistors are directly connected to the outputs of the system and considered as the loads. The loads change among 10 , 20 , 30 , 56 , 91 to investigate two load voltages. Initially, the plane containing two transmitting resonators is 30mm distant from the one containing two receiving resonators and 20mm distant from the one of the source resonator. The experiments are carried out to verify the effectiveness of the proposed system with the square-wave source voltage. The measurements are then Fig. 14(a) . evaluated by statistical parameters of mean and corrected sample standard deviation [36] . Table 4 shows the several measures of the load voltages over the variations of the load resistances when two transmitting coils are on the initial plane as in Fig. 14(a) . The measures are carried out 25 times due to the changes of the load resistances. The results indicate that the load voltages are stable against the load resistances. In these results, the means of the load voltages V 3 and V 4 are 2.77V and 2.59V. The corrected sample standard deviation for the measures of V 3 is 0.2V, about 7.29% of the mean of V 3 , while this number for those of V 4 is 0.14V, nearly 5.35% of the mean of V 4 .
In the experimental arrangement as in Fig. 14(b) , the transmitting resonator 1 is lowered down 6mm in comparison with the position of the transmitting resonator 2. Fig. 15 in the previous page shows a snapshot of the voltage waveform at the input and the output of the coupling network with R 3 = 56 and R 4 = 91 . Fig. 16 exhibits the peak values of the load voltages as a function of the load resistances. The results show that the load voltages slightly fluctuate when the load resistances are in small range, from 10 to 30 . However, two load voltages keep stable when the load resistances are greater than 30 . Statistically, the means of the load voltages V 3 and V 4 are 2.08V and 2.70V. The corresponding corrected sample standard deviations are 0.08V and 0.08V. The deviations just equal to about 3.79% and 2.88% of the means of the two output voltages. In all the experiments, the corrected sample standard deviations of the measures of the load voltages are lower than 10% of the mean values. It means the load voltages tend to be stable against the load resistances. The results also show that there is a difference between two load voltages when lowering down one transmitting resonator. It verifies that it is possible to control the load voltage ratio by changing the arrangement of the transmitting resonators.
V. CONCLUSION
This paper has proposed an IPT platform consisting of one source resonator and multiple transmitting resonators to control and stabilize the load voltages for multiple-receiver charging applications. Via theoretical analyses, we have shown that when the load resistances are sufficiently large, the load voltages and their ratio are stable against load variations and only depend on the mutual inductances of the coils. This suggested that the load voltage control could be carried by effortlessly adjusting arrangement of the transmitting coils inside the charging platform. This adjustment could be done by a mechanical device. The paper also indicated that the proposed system could not attain high transmission efficiency when stabilizing the load voltages against the wide range of the load resistances. The effectiveness of the proposed method has been confirmed via EM simulations of the two-receiver and the three-receiver IPT systems. For the tworeceiver system, the voltage ratio of the two loads could be controlled to reach an imbalanced value of up to 3.5. For the three-receive system, even under the load variations, stable load voltages have been observed at a more balanced ratio of about 1.7:2.1:1.7. The calculation using MATLAB showed that the proposed system could stabilize the load voltages against the variations of the load resistances even with low Q-factors of the coils. Finally, a real coupling network with two receivers was constructed to examine the effectiveness of the proposed scheme when driven by a practical square-wave signal. In this experiment, it has been demonstrated that the system was also capable of delivering stable voltages to the two loads with the deviations of under 7.29%. The simulation and experimental results have confirmed the effectiveness of the proposed IPT platform in both cases of ideal sinusoidal source and practical square-wave one.
